Introduction
Separation processes are widely used for feed preparation and product purification in many industries and they often consumelarge amounts of separation work, so it is very important to solve the synthesis problem of an optimal separation process. Separation processes are classified into the following two groups: Gl: separation process of a multicomponentraw material into pure substances G2: separation process of multicomponent raw materials into multicomponent products Gl separation process produces products each of which contains a single species, so the solution of this synthesis problem is to determine an optimal separation sequence at the process planning stage. Various methods have been proposed to search for the optimal separation sequence amongmanycandidates, such as heuristic method,9) dynamic programming method,^evolutionary method,5'7'8) branch and bound method,10) and so on. On the other hand, Rudd et al.6 ) studied the G2 separation process synthesis problem for the purpose of reducing the separation mass load in such areas as aviation and motor oil production, and Mahalec et al.2'3) also studied it in BALTAZAR, which is# one of the entire process synthesis methods. The separation process in Cl chemistry will separate synthesis gases from various carbon sources, such as coal, tar sand, etc. into several streams of different compositions as raw materials for various chemicals such as etha-nol and acetic acid. But no reasonable synthesis method has been developed because the G2 synthesis problem is too complicated. In this study, as basic research for the study of the G2 synthesis problem, the following separation process is defined. G3: separation process of a multicomponentraw material into two multicomponent products Figure 1 gives general views of these separation processes. The G3separation process produces two multicomponent products; at least one species is contained in two products and at least one product consists of more than one species. Thus division and blending prove to be effective in reduction of the separation mass load, where division is an operation producing more than one stream of the same composition from a stream and blending is an operation producing a stream from more than one stream. Separation is a costly operation, while division and blending are not so costly, so it is clear that introduction of division and blending into the G3 separation process is necessary to synthesize an optimal G3 separation process. In other words, introduction of division and blending is an important structure in addition to the separation sequence for this synthesis problem, but it is very difficult to decide these two structures simultaneously because division and blending cannot be introduced until the separation sequence has been selected, and the optimal separation sequence changes with introduction of division and blending. There is only one reported study4) of the G3 synthesis problem that determines these two structures directly by use of several heuristic rules peculiar to that study, but it is difficult to extend this methodto cases where the numberof species in a product is more than three. Clearly, there is much left to be studied for this synthesis problem.
In this study useful method for the G3 synthesis problem is developed. It is composed of two stages: the first is to search for the optimal separation sequence, and the second is to optimize the separation process by introduction of division and blending for the given separation sequence. These two stages are repeated until the optimal separation process is synthesized. For the former the evolutionary method,7'8) developed for the Gl synthesis problem, is adopted, but it is difficult to optimize the separation process by introduction of division and blending even if the separation sequence is given. So a new evolutionary method, in which the material allocation diagram (MAD)4) is used to reduce the calculation load, is developed. The MADshows the separation process graphically, so it is easy to obtain useful information such as the possible flow rate of each species at each separation breakpoint and the feasibility of the modified separation process. Neither heuristic nor algorithmic methods can synthesize the G3 separation process, but the two-stage evolutionary method proposed in this study can easily do so. A 5component separation synthesis problem demonstrates the effectiveness of the proposed method.
Basic Strategy
The problem is to synthesize an optimal G3 separation process in order to minimize or maximizethe given objective function, which is generally calculated from the design data and equations and the cost data and equations peculiar to the separation method. The purpose of this study is to develop a synthesis method which is free from the separation method and the objective function. To simplify the solution, the following objective function is used in this study: where Lt and Dt are respectively the separation mass load and the difficulty of separation at zth separation, and / is the number of species in the raw material. The separation process is synthesized to minimize this objective function, which is considered about the scale merit. In distillation, relative volatility or boiling temperature difference corresponds with Dt in the ideal case. If the separation method is known, it is natural and effective to use the objective function derived from this separation method for the purpose of evaluating the separation process. The effectiveness of this proposed synthesis method does not change with objective function and/or separation method. It is desirable from the viewpoint of process operation and control to reduce the number of separations as muchas possible, so it is assumed in this study that one separation is used at one separation breakpoint.
To simplify the synthesis problem further, it is assumed that: Al: There is one separation method. A2: The order of physical properties upon which separation is based does not change. A3: Separation is simple and sharp. (Simple separation is one which separates a single feed stream into two product streams, and sharp separation is one where the recovery of the keys is unity.) synthesis problem. In the G3 synthesis problem, adjusting the recovery of the keys is effective in reducing the separation cost, but the adjustment should be made after the optimal separation process has been synthesized by this proposed method and it is omitted here. Division and blending cannot be introduced until the separation sequence is selected, and the optimal separation sequence cannot be selected until division and blending are introduced, so the basic strategy shown in Fig. 2 is adopted to solve the G3 synthesis problem. In this strategy the evolutionary method7 '8) proposed for the Gl synthesis problem is used to search the separation sequence, and a new evolutionary method, using the MAD to obtain useful information such as the possible flow rate of each species at each separation breakpoint and the feasibility of the modified separation process, is developed to optimize the separation process for the given separation sequence. The strategy of this synthesis method is explained by use of a 5-component separation process synthesis problem in accordance with 
Synthesis Method 2.1 MAD and separation sequence
The synthesis problem example of 5-component separation process is shown in which the separation is based, the difficulty of separation is given for each separation breakpoint, and S£ indicates separation or separation breakpoint between species Q and Ci+1.
Step 1 is to create the MAD,and Fig. 3 shows the MADfor solving the problem in Table 1 responds to division which produces more than one stream of same the composition and uniting corresponds to blending which produces a stream from more than one stream. It is easy from the MAD to obtain the minimum necessary amountseparated at each separation breakpoint, indicated by the bold line in Fig. 3 . Steps 2 and 3 are the same as the evolutionary method proposed for the Gl synthesis problem.
Step 2 generates the initial separation sequence, and this study adopts the heuristic rule6) that difficult separations are best saved for last. Fromthe data of difficulties in Table 1 , the initial separation sequence S1-S4-S3-S2 is generated.
Step 3 generates the neighboring separation sequences by the evolutionary rule7'8) that the relative positions of two adjacent separations are interchanged, and separation sequences (b), (c) and (d) in Fig. 5 are generated from this initial separation sequence.
Optimization
Step 4 is to optimize the separation process by introduction of division and blending for all sepa-VOL 17 NO. 5 1984 Fig. 3 . A MADof the example problem. ration sequences generated in Steps 2 and 3. The flow chart of the separation process including all possible streams for the initial separation sequence is shown in Fig. 6 . It is difficult to determine directly the optimal ratios at each division because this is a nonlinear and multivariable problem subject to complicated restrictions, such as the relation between output streams from the separation process and products. Thus a new evolutionary method, which uses the MAD mentioned above, is developed to optimize the separation process by introduction of division and blending for the given separation sequence. The MAD is useful in synthesizing the G3 separation process because it shows the separation process graphically.
Firstly, the separation process is synthesized for the initial separation sequence by use of the minimum necessary amount separated at each separation break- point, and the result is shown in Fig. 7 . The feasibility of the synthesized separation process is easily checked by manipulation of the MADas shown in Fig. 7 . For example, this separation process is in feasible because S1 must be used twice. It is expected that feasible separation processes can be synthesized by adjusting the amount separated at each separation breakpoint.
Only discrete adjustment is feasible in most cases; there are few cases wherecontinuous adjustment is feasible. This difference is complicated, depending upon the profile of the MAD and the order of separation, so it is assumed in this study that discrete adjustment is adopted for the purpose of decreasing the calculation load because this synthesis is at the process planning stage. To obtain information about this adjustment, the MADis divided into substreams in accordance with its profile, as shown in Fig. 8(a) , where fx-f6 represent the divided substreams. From the analysis of the MAD the substreams separated at each separation breakpoint, which makes the separation process feasible and possible in reduction of the separation cost, are indicated and shown in Fig. 8(b) , where E means that the separation of a substream is necessary, and P means that the separation of a substream is possible. For example, addition of f2 to the substreams separated at S1 increases the separation mass load of S1? but it decreases the separation mass load ofS2 and S3. From Fig. 8(b) it is clear that there is no room for adjustment of the amount separated at S2, but Fig. 8(b) differs from the separation sequence. A new evolutionary method is developed to decrease the calculation load, in which this adjustment is done in the order of the separation sequence, increasing the amount separated at the separation breakpoint from the minimumnecessary to the maximumpossible. The optimization process by this evolutionary method is shown in Table 2, where substreams for each separation indicate the maximumamount of the species. The separation process is determined by these amounts because the separation sequence is given. Firstly, the synthesis of the separation process composedof the separation of only f4 at S1? which is the minimum necessary 536 Fig. 7 . An initial separation process for Si-S^Sa^- In feasible 3 f4+f5
In feasible   4  f3+f4+f5  f3+f4+f5  f2  f2+f3  37-80   5  f2+f3+f4+f5  f3+f4+f5  f2  f2+f3  38.85   6 f3+f4+f5  f2+f3+f4+f5  In feasible   7  f3+f4+f5  f3+f4+f5  f2+f3  f2+f3  39-25 amount, is tried. But no feasible separation process is synthesized. Secondly, the amount at S1 is increased from f4 to f3+f4 or to f4+f5, but no feasible separation process is synthesized. Thirdly, increasing the amount at St to f3+f4+f5, a feasible separation process (trial number 4) is synthesized, and this separation process is proved optimal for the initial separation sequence after three moretrials, as shown in Fig. 9 . These trials and feasibility checks are easily done by manipulation of the MAD,so the actual calculation load of the objective function is greatly reduced.
Step 4 is to repeat this optimization for all neighboring separation sequences.
Evolution
Step 5 is to select the best separation sequence from an initial separation sequence if the selected separation sequence is better than the initial separation sequence, and to stop the evolution otherwise. It is determined that the initial separation sequence is optimal, and that the separation process obtained at
Step 4 for this separation sequence is the solution of this synthesis problem.
The evolution process is shown in Table 3 . From the values of the objective function, the separation sequence S4-S1-S3-S2 is selected as a new initial separation sequence from four candidates, so Step 3 is done again and the neighboring separation sequences ((e), (f)) are generated on the basis of this separation sequence. For these separation sequences optimization is done at Step 4, the same as before. At this time there is no better separation sequence, so it is determined that the separation sequence S4-S1-S3-S2 is optimal, and the optimal separation process of this separation sequence is shown in Fig. 10 . It is clear from Fig. 10 that the same separation process ((e) in Table 3 ) is synthesized even if the relative positions of Sx and S3 are interchanged, and this phenomenon is peculiar to the G3 separation process.
Conclusion
A useful method is developed for synthesizing an optimal G3 separation process, and is composedof two stages: the first is to search for the optimal separation sequence, and the second is to optimize the separation process by introduction of division and blending. These two stages are repeated until the optimal separation process is synthesized. For the former the evolutionary method proposed for the Gl separation process synthesis problem is adopted, and for the latter a new evolutionary method, in which the MADis used to reduce the calculation load, is developed. Manipulation of the MADis effective in obtaining the flow rate of each species at each separation breakpoint, and to check the feasibility of the modified separation process, because the MADshows VOL. 17 NO. 5 1984 Fig. 10 . An optimal separation process of the example problem.
the separation process graphically. It is considered to be possible to extend this synthesis method to cases where the numberof products is more than two if the optimal MAD can be created. A 5-component separation process synthesis problem demonstrates the effectiveness of this method. Cyclical pump operation is conducted as follows:
Suppose, first, the pressure in the displacement chamber is low and the balloon is filled with a liquid from a low-level tank. Also, valves © and © are closed.
Step 1: Close valve © and open valve ®. The highpressure vapor of the working fluid flows into the displacement chamber ®. The balloon is then squeezed and the liquid in the balloon is lifted through non-return valve ® to a high-level tank.
Step 
